The effects of temperature and milling time on the crystalline size and microstrain in WC and WC-Co powders were investigated in a cryomilling process. Within the limit of the analytical methods and TEM, the crystalline size of WC was estimated to be in the range of 50$70 nm after 10 h of cryomilling. The presence of Co in the WC-Co system significantly reduced the level of strain in the WC particles in this low-temperature processing. A thermal cycle employed in cryomilling process was also found to be useful in various aspects. Various fitting methods were compared and the results are discussed in relation to processing parameters.
Introduction
The superior properties of nanoscale systems have attracted considerable attention. In particular, the improved mechanical properties of alloys that consist of nanoscale grains, have been studied from the viewpoint of the processing of nanoscale materials in commercial production. 1) Various methods for producing nanoscale powders, e.g. inert gas condensation, 2) electrodeposition, 3) rapid solidification, sputtering, crystallization of amorphous phases by annealing 4) and chemical processing, 5) have been explored. Among the mechanical processes cryomilling represents a new and effective technique for the production of nano-sized powders. The technique involves high-energy ball milling performed in liquid nitrogen at temperatures below 0 C. Because of the cryogenic temperature and intense grinding effect of the milling balls, the size of the original powder is reduced to the nanoscale level in a relatively short time. In addition, it has been reported that the cryomilling process is capable of producing nanocrystalline materials with enhanced thermal stability. 6) In particular, the mechanical processes have been used as powerful and inexpensive methods for the production of nano-sized powders for WC-Co alloys. 7, 8) The enhanced properties of nanocrystalline WC-Co based tool materials have been examined recently. [9] [10] [11] Therefore, the cryomilling process has attracted considerable attention for producing nano-sized WC powders.
The cryomilling process has been used for Ag-Cu, Fe-Al, Al/AlN and Zn systems. 3, [12] [13] [14] In these systems, the conditions of low temperature and a nitrogen atmosphere have been used in order to inhibit the oxidation and nitridation of these alloys, the synthesis of a metastable phase, and to acquire thermal stability on a nanoscale size. Thus, the control of chemical and mechanical parameters in the cryomilling process is an important factor to the success of the sintering process. In particular, defects generated by the mechanical impact of balls during the cryomilling process, which include dislocation density and microstrain have been issues. In a ceramic system such as a WC-Co alloy, 15) microstrain is a critical factor for sintering due to the brittle characteristics of ceramic materials.
In this study we report on an investigation of the effect of temperature and milling time on the crystalline size and microstrain of WC powders in a cryomilling process. In addition, when WC and Co were cryomilled together, the role of cobalt in reducing microstrain was examined. A cyclic cryomilling process was applied to WC-Co alloy to improve the milling effect. The different results with respect to crystalline size and microstrain in a WC-Co alloy point to the importance of a low temperature below 0 C for the cryomilling process.
Experimental

Sample preparation
Commercial WC (4.68 mm, 99.9%, Kennametal, USA) and Co (1:0$2:5 mm, 99.9%, H. C. Starck, Germany) powders were used for the alloy preparation. The WC or a mixture of WC and Co (10 mass%) was cryomilled for various periods of time. The powders were milled with ethanol and WC-Co balls (ball to powder ratio = 20:1) at temperatures from À50 to 30 C. The powder batches were designated as WC-0, WC-20, WC-50 and WCCo-20 to indicate the powder type and processing temperature.
To minimize the contamination from the milling chamber and impeller during cryomilling, 16 ) the chamber and impeller were coated with WC-Co and 2 mm diameter WC-Co balls were used. In addition, the chamber was designed to permit liquid nitrogen to flow between the inner and outer chambers. The operating temperature was measured with a thermocouple attached to the outside wall of the chamber. Thus, the actual temperature inside the chamber was higher than the measured values. The rotating speed of the impeller was 180 rpm. Slurry mixtures were dried in a vacuum oven for 24 h before evaluations.
Cyclic milling was performed between two temperatures, À20
C and 30 C. This was conducted to determine effective milling conditions. The WC or WC-Co powder was cryomilled at À20 C first for an hour, then milled without a liquid nitrogen flow for 3 h. When liquid nitrogen did not flow, the temperature increased to 30 C after 3 h. This cycle was repeated 3 times.
The milled powders were analyzed by an X-ray diffractometry (M18XHF-SRA, MAC Science Co., Cu-K, 50 kV-100 mA, Japan) with pure silicon as a standard. Based on the XRD results crystalline size and microstrain were calculated using various methods such as the Scherrer equation, linearfitting, and least-squares-fitting methods. The specific surface area of the milled powder was measured by BET (ASAP 2010, Micromeritics, U.S.A.). TEM study was done with a transmission electron microscope (JEM-3000F, JEOL, Japan, 300 kV) to confirm crystalline size and microstrain.
Results
Cryomilling of WC powder
Micron-sized WC powders were cryomilled without Co addition at different temperatures of 0 C, À20 C and À50 C. The milling time was varied from 1 to 15 h. Figure 1 shows the sequential peak broadening for WC-20 with an increase in milling time. The initial peak broadening occurred after $3 h milling at À20 C. The crystalline sizes of the milled powders were calculated using several different equations 17, 18) (Fig. 2) . The crystalline size was estimated to be $30 nm after 10 h milling irrespective of the milling temperature when the Scherrer equation was employed ( Fig. 2(a) ). It is assumed that microstrain is not associated with in the peak broadening. When the linear-fitting and least-squares-fitting methods were used, however, the contribution of microstrain to broadening was found to be significant, as shown in Figs. 2(b) and (c). The calculated values vary greatly depending on the analytical methods used. Within the limit of the analytical approaches the crystalline size was found to reach 60$80 nm after a 5 h milling period, irrespective of the milling temperature. The size then remained in the range of 50$70 nm after 10 h milling while the crystalline size of WC-50 began to rise. Table 1 shows a summary of crystallite size after a 10 h milling along with BET analytic data. As mentioned above, the crystalline size was very small when the Scherrer equation was used. The sizes and trend obtained by linearfitting and least-squares-fitting methods are similar to each other. It is noteworthy that the smallest crystalline size was obtained from WC-0 or WC-20 regardless of the methods.
The surface area and estimated powder size, as determined by BET analysis, showed a similar trend to the crystallite size. The crystalline size is distinctively different in concept from the powder size estimated in this study. When the WC powder was milled without a liquid nitrogen flow (denoted as ''no cooling''), the temperature of the milling chamber increased to 42 C. Because of powder agglomeration at this condition, the size of WC exceeded 100 nm. The smallest size powder (75 nm) was obtained from WC-20. Again, WC-50 showed an unusual increase in the size. The BET result from the 15 h-milled WC powder indicated a slight increase in surface area compared to that for the 10 h-milled WC.
In general, microstrain in WC increases with milling time. Contrary to the case of crystalline size, the development of microstrain was consistent, at least with respect to the milling temperatures, as shown in Figs. 2(b) and (c). The microstrain in WC powders milled at a high temperature was large. For example, the microstrain for WC-20 was larger than that for WC-50. In the case of WC-0 the level of microstrain was unexpectedly reduced after a 5 h milling, irrespective of the fitting method used.
The small crystalline size and microstrain of WC particles was confirmed by TEM micrographs as shown in Fig. 3 . These data show that the cryomilled WC powders are composed of small particles, 3-5 nm in size as shown in Fig. 3(a) . Microstrain was observed in the form of a contour or striation in relatively large particles as shown in Fig. 3(b) . These can be attributed to defects, such as stacking faults, dislocation forest and interstitial atoms. However, WC particles smaller than 10 nm appeared to be defect-free.
Cryomilling of WC-Co powder
To evaluate the effect of the presence of cobalt on the milling process, a mixture of WC and Co (10 mass%) powder was cryomilled at À20 C for various periods of time. Figure 4 (a) shows the change in the crystalline sizes of WC and Co, as estimated by the Scherrer equation using different peaks. The estimated sizes varied, depending on the peaks. The peak corresponding to (100) plane in the hexagonal structure had the largest predicted size in the initial stage of milling. The difference in the size among the peaks reduces with an increase in milling time. The crystalline size of a WC powder milled with Co was larger than that of WC milled without Co (Figs. 2(a) and 4(a) ). However, the final size reached $25 nm after a 10 h milling, equivalent to the size of WC without Co.
When the least-squares-fitting method was used, the crystalline size of a WC powder milled with Co decreased to 80-90 nm. This is larger than that for WC without Co, $70 nm. The crystalline size of the Co powder also decreased to 3-5 nm as shown in Fig. 4(b) . The strain developed in the WC was minimal (Fig. 4(c) ) when it was milled with Co. This is in contrast with WC milled without Co. On the other hand, the strain in Co was substantial at the initial stage of milling and then decreased gradually with milling time. After a 10 h milling the strain in the WC-10Co system became negligible.
Effect of cyclic cryomilling
In an attempt to minimize the strain in the system, cyclic milling was conducted between two temperatures. First, the milling chamber was exposed at À20
C for 2 h. The temperature of the chamber was then allowed to increase by milling without liquid nitrogen flow. Based on this result, a schedule for the cyclic cryomilling was designed. A cycle in the schedule consists of a 1-h milling with liquid nitrogen (À20 C) and a 3 h milling without liquid nitrogen (30 C). The WC powder was cyclically milled for 12 h, i.e., three cycles. The crystalline size and microstrain were calculated by three methods and the results are plotted in Fig. 5 . Although the linear-fitting and least-squares-fitting exhibited some difference in values, the result show that the crystalline size of cyclic-cryomilled WC powder generally decreased with milling time. A slight increase in crystallite size was observed in the high-temperature region during the milling cycle. However, the Scherrer method showed a smooth decrease in size with milling, as shown in Fig. 5(a) . The microstrain of the cyclic-cryomilled WC powder increased with milling time. The level of strain is not much different from that for continuous milling (Fig. 5(c) ). However, the crystalline size of WC was found to be in the range of 30-40 nm (Fig. 5(b) ), which is smaller than that without temperature cycles (60-70 nm).
The cyclic-cryomilling resulted in similar results even with the presence of ductile Co. Figure 5(b) shows that little change in crystallite size occurred in the high-temperature region in the milling cycle. The final size reached 30-40 nm, using the two fitting methods, which is similar to Scherrer's prediction (20-30 nm). As found with the WC powder in Fig. 5(c) , the WC-Co powder also exhibited an increase in the strain with milling time. This is in contrast to the result for normal cryomilling shown in Fig. 4(c) . The presence of Co in cyclic cryomilling did not reduce the strain in WC as in the normal cryomilling. 
Discussion
Analytical methods
If the broadening of peaks in X-ray diffraction is associated with a small crystalline size alone, the Scherrer Equation is commonly used. The crystalline size, D, can be expressed by FWHM, Áð2Þ as below. 17) D ¼ 0:9=Áð2Þ cos where is the wavelength, ¼ 0:15406 nm, and 2 is the diffraction angle. When the peak broadening is due to a small crystalline size and microstrain, the linear fitting or leastsquares-fitting method can be adopted. For linear fitting, the broadening can be expressed as below.
18)
Áð2Þ cos ¼ 2" sin þ 0:9=D where " is the microstrain. When Áð2Þ cos is plotted against sin for a number of X-ray diffraction peaks at different angles, the slope of 2" and intercept of 0:9=D determine the crystalline size and microstrain, respectively.
(a) (b)
20 nm 5 nm Fig. 3 TEM images of WC particles cryomilled at À20 C for 10 h. The smaller particles have a perfect structure. However, the bigger particle shows a complex structure due to strain. Of these fitting methods, least-squares-fitting is the most common method for calculating crystalline size and microstrain. It utilizes the fact that the broadening from two different sources has different angular relationships. For example, the crystalline size broadening has a 1= cos relationship while the microstrain follows a tan function. Considering the instrumental broadening, the total broadening can be expressed as below.
18)
where " is the microstrain and Áð2Þ o instrumental broadening. If the modified broadening, Áð2Þ 2 À Áð2Þ o 2 , is plotted against ð1= cos Þ 2 , the crystalline size, D, and microstrain, ", can be calculated from the slope, ½ð0:9= DÞ 2 þ ð4"Þ 2 , and intercept, ð4"Þ 2 . Among the various methods, the Scherrer equation is the most commonly used for the measurement of crystalline size. However, it has limited applications when high strain develops during the powder synthesis. In addition, the Scherrer equation tends to estimate particle or crystalline size smaller than other methods. This is true, even in the case of WC-Co, where a hard phase is mixed with ductile metallic phase. The predicted value is still small (25-30 nm) compared to the values from the least-squares-fitting method ($90 nm) when the level of strain reaches a minimal value after 10 h of milling (Figs. 4(b) and (c) ).
The linear-fitting and least-squares-fitting methods show similar trends in the crystalline size and microstrain as a function of milling time. (Table 1 and Fig. 4) The values of the crystalline size predicted by these methods are about twice those from the Scherrer equation. Based on the TEM results in this study, the fitting methods seem to be more reliable for determining the crystallite size. However, the methods show a limited usefulness in the selection of the effective milling temperature and in the accurate estimation of crystalline size (Fig. 2) . This is the inherent limit of these analytical methods using XRD results.
Effect of processing parameters
According to Fig. 2(c) the crystalline size of a cryomilled WC powder can be reduced more effectively at 0 C. Further, the BET result shows that the processing between 0 and À20 C increases the overall surface area of the powder. The observation in which the crystallite size increased for WC-50 after 10 h milling is difficult to explain. The most probable answer is the presence of WC debris from the WC-Co milling balls at À50 C. WC balls frequently fractured during cryomilling, resulting in odd-sized particles and extra weight gain. Thus, the processing at such a low temperature (À50 C) is not suitable for the powder preparation.
The strain in WC increases and the crystallite size decreases with milling time when no Co is present in the system. Milling at a high temperature, such as for WC-0, provides more deformation of the hexagonal structure of WC. When the level of deformation exceeds a threshold value, WC fractures due to interactions between defects that are created in the system. If the WC particles fracture and become too small, the microstrain could easily be relieved at the particle surface. The small crystallite size (Figs. 2(a)-(c) ) and the TEM results support this explanation. Differences in crystalline size and microstrain between WC powders cryomilled with and without Co can be attributed to the metallic properties of the Co matrix. Because of the ductility of metals, the small quantity of Co absorbs the impact force induced from high-energy ballmilling process. Co particles are simultaneously deformed plastically and fractured into small particles. The fractured Co, by releasing the strain, results in strain free Co after 10 h milling as shown in Figs. 4(b) and (c) . Therefore, nano Co particles distributed on the surface of WC particles deter the generation of strain in WC particles. The larger crystalline size and smaller microstrain of the WC particles can be explained by the impact-absorbing effect of the Co binder.
The introduction of the thermal cycles in the milling improved the milling effects. That is, it reduced the crystalline size of WC significantly, compared to the WC powder milled at a cryogenic temperature. Nonetheless, the level of strain was not reduced from that of the WC powder in Fig. 2(c) . The presence of Co did not change the situation. It seems that the fluctuation in milling temperature stabilizes the crystalline structure in WC. The level of strain did not reach a threshold to release the strain by defect interactions. However, this process is economical and can reduce contamination by milling media.
Summary and Conclusions
In this study the effects of temperature and milling time on the crystalline size and microstrain of WC and WC-Co powders were investigated in a cryomilling process. The cyclic cryomilling process was employed to improve the milling effect. The XRD results were analyzed using various fitting methods. Among the methods, the Scherrer equation gave the smallest estimate of crystalline size.
Within the limit of the analytical methods the crystalline size of WC was found to be in the range of 50$70 nm after a 10 h cryomilling. Meanwhile the BET results showed the minimum size for a WC powder (75 nm) from WC-20. It was found that the microstrain in WC generally increases with milling time and temperature, but the strain level in WC-0 was reduced unexpectedly after 5 h milling.
In the case of WCCo-20 the crystalline size of the WC powder decreased to 80-90 nm. However, the strain developed in WC in the presence of Co was minimal in contrast to the case of milling WC alone (WC-20). On the other hand, the strain in Co was substantial at the initial stage of milling and decreased to a negligible value after a 10 h milling for this WC-10Co system.
When cyclic cryomilling was employed, the crystalline size of WC in both WC and WC-Co powders generally decreased with milling time. The crystalline size of WC was in the range of 30-40 nm after a 12 h milling, which is much smaller than that without temperature cycles (60-70 nm). However, apart from normal cryomilled WC-Co, the WC-Co powder from the cyclic cryomilling exhibited an increase in the strain with milling time. The conclusions reached in this study are as below:
(1) Of the various methods for estimating crystallite size, the linear-fitting and least-squares-fitting methods are preferred to the Scherrer equation due to the presence of strain, which develops during the milling process. However, the methods show a limited usefulness in obtaining fine details such as the selection of an effective milling temperature and an accurate estimation of crystalline size. (2) Based on the milling performance in this study it is recommended that the process temperature and time should be in the range of 0 to À20 C and 10 h, respectively, for effective milling. In general, the presence of Co in the WC-Co system reduces the strain level in the WC particles in this low-temperature processing. This might decrease the coarsening tendency of WC during the sintering stage. (3) The use of thermal cycles in the milling process reduces the crystalline size of WC significantly compared to WC powder milled at a cryogenic temperature. This process is a promising alternative since it is economical and can significantly reduce contamination by milling media.
